in microcystin biosynthesis (mcyA2 and mcyB1) and use them to identify the source of gene 28 fragments found in water samples. Further investigation of these gene loci from individual 29 cyanobacterial cells allowed for improved analysis of the genetic diversity within microcystin 30 producers as well as a method to predict microcystin variants for individuals. These efforts have 31 also identified the source of the novel mcyA genotype previously termed "Microcystis-like" that 32 is pervasive in the Laurentian Great Lakes and predict the microcystin variant(s) that it produces.
Microcystin-producing cyanobacteria are common nuisance organisms in harmful algal 34 blooms of freshwaters around the world (5) . This genetically diverse group (based on 16S rRNA, 35 mcyA, mcyD, and mcyE gene sequences (7, 11, 16, 17, 23) ) ranges in morphology from 36 unicellular and colonial cocci to large filamentous strands. Many species can produce a variety 37 of secondary metabolites (i.e., Microcystis) that can act as hepatatoxins upon ingestion by 38 animals (e.g., variants of microcystin) (5, 35) . Microcystin production reduces the water quality 39 in reservoirs used by human populations and fishery resources, and production of these toxins by 40 this group of cyanobacteria makes them important organisms for continued observation and 41 study (5, 35, 38) . Much effort has been expended over the past fifteen years to characterize the 42 genomic and structural components of the microcystin (mcy) synthetase operon responsible for 43 the production of microcystins. Several complete DNA sequences of the mcy synthetase operon 44 are currently available in GenBank (4, 12, 31, 33) .
45
Although the mechanisms of microcystin production are now better understood, recent 46 analyses of mcyA gene fragments from the Lakes Erie and Ontario indicated a microcystin toxin 47 producer of unknown phylogeny (8, 30) . This discrepancy suggested a need for improved 48 molecular characterization of naturally occurring microcystin producers, which spurred our 49 research to identify the source of several unusual mcyA fragments from the cyanobacterial 50 community (8, 30) . It was apparent from initial sequence data that these mcyA gene fragments, 51 termed "Microcystis-like," were highly similar to those from Microcystis spp. (a colonial or 52 unicellular cocci). However, they contained a six nucleotide insert consistent with mcyA genes 53 from filamentous cyanobacteria (e.g., Anabaena, Nostoc, and Planktothrix) (30) . These 54 preliminary findings suggested that these unusual mcyA fragments either came from: 1) a novel 55 species or strain, 2) an ancestral Microcystis, 3) the highly unlikely hybridization of colonial 56 cocci and filamentous cyanobacteria, or 4) a chimera of cocci and filamentous PCR products. To 57 identify the source of these mcyA gene fragments from uncultured cyanobacteria, we used 58 culture-independent methods to amplify and isolate long regions of the mcy synthetase operon 59 for the simultaneous analysis of two genes, mcyA and mcyB, in one individual from a population.
60
This approach ensures that both genes are contained on the same DNA molecule, thus allowing 61 for more continuous sequence information to use in comparative phylogenetic analyses than 62 previously described. We also envisioned that this mcy gene combination would provide an 63 improved diagnostic tool for determining the genetic potential of naturally occurring 64 cyanobacteria to produce specific microcystin variants by comparing the phylogenetic marker in 65 mcyA to the predictor of amino acid incorporation (via an adenylation domain) in mcyB1. (Table 2) .
82
Products of the appropriate size, confirmed using agarose gel electrophoresis, were cloned (Table   83 3) into the the CopyControl™ pCC1™ Blunt Cloning-Ready Vector, (Epicentre) and 84 transformed into TransforMax™ EPI300™ electrocompetent E.coli cells (Epicentre). Clones 85 were induced to high-copy number, harvested and stored at -20° C or immediately processed for 86 DNA extraction (28) .
87
Sequencing and molecular data analysis. PCR was also performed for each partial gene (1, 35) ). We predicted the microcystin variant for each of the 6 kb fragments using 118 NRPSpredictor (26) (please note: predictions are not considered absolute due to the dynamic 119 environment where the synthetases occur within cells (17, 24, 34) ). We also tested for 120 compatible evolutionary relationships between these two genes using a partition-homogeneity 121 test (6) in PAUP* with 1000 replicates, heuristic searches, sequence data from the six available 122 cultures in Genbank (Table 2 ) and our long fragments.
123
Toxin analysis. Filters for toxin analysis were extracted in 10 mL of 50% aqueous 124 acidified methanol, and the extracts were clarified by centrifugation, filtered through a 0.45-µm nylon syringe filter, and stored at -20˚ C. Microcystin concentrations were determined for 126 samples listed in Table 3 using a protein phosphatase inhibition assay (PPIA), modified from 127 (3) as described previously in (8) . Positive samples were confirmed and variants determined 128 using LCMS techniques if concentrations in the voucher extract where > 0.5 µg/ml. For 129 samples with no detectable toxin levels, the method detection limits for the assay are 130 provided. These vary depending on the volume filtered and the instrument sensitivity that day.
131
Variant analysis was run on a MicroMass ZQ4000 against an RR, LR, and LF standard.
132
Unknown peaks that fell between the retention times of our most polar (microcystin-RR) and 133 non-polar (microcystin-LF) standards were considered putative microcystin variants.
134
Individual isomers were identified on the basis of their uv extinct coefficient, molecular ion 
Results

138
In total we examined fourteen 6 kb fragments (LF-1 through LF-14 in Table 3 Table 3 ).
160
During analyses we noticed that a mcyB1 sequence from a cultured isolate (Microcystis found that this was identical to some of the previously identified "Microcystis-like" sequences.
165
Thus, we concluded that this strain was contained within the ancestral mcyA genotypes (1c in 166 Fig. 2A) .
167
In addition to ancestral Microcystis, we isolated six other 6 kb fragments from Lakes 168 Erie, Ontario, and Waterville Reservoir (LF-5 through LF-10 in Table 3 ). Their placement 169 among cultured isolates and predicted variants are indicated in Figs. 2A and 2B . We also examined our bioinformatic predictions presented in Fig. 2B with toxin analysis using LCMS 171 when available (Table 3) . When sampling Sandusky Bay (Lake Erie Sta. 1163 in Fig 1A; (17) that is associated with the production of the microcystin-RR variant in cultures (6 180 in Fig. 2B ). Our bioinformatic prediction also suggested that an arginine would likely be 181 incorporated into the microcystin molecule at site 2. Subsequent toxin analysis detected that 182 microcystin-RR was present at this location.
183
Finally, our partition-homogeneity test of phylogenetic incongruence detected a 184 significant difference (P-value = <0.01) between sequence information at mcyA and mcyB1. This 185 suggests that these two genes did not follow the same evolutionary path, which was also does not confirm toxin production nor does the toxin prediction confirm variant presence.
200
Previous experimentation as well as our results indicated that microcystin production is 201 controlled by the interaction between genetics and environmental conditions (17, 27, 34, 35) . (Table 1) were successful at amplifying these targeted regions in Anabaena cultures (data not 224 shown).
225
Our partition-homogeneity test of phylogenetic incongruence indicated that the 226 phylogenetic signal in these two genes is incompatible. It is somewhat surprising to detect 227 different evolutionary paths for these genes, since they are located along the same operon and Microcystis genotype mcyB1 (C) known to produce microcystin-RR and many others (17) . All members, including 6 kb fragments LF8-LF10, were predicted to incorporate arginine into site 2 of the microcystin molecule. 7) Planktothrix spp. including 6 kb fragments LF5-LF7. Each member was predicted to incorporate a leucine into site two of the microcystin molecule.
